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Abstract. It is common to have numerous alternatives and con-
ditions that remain uncertain, but these need to be assessed in
decision-making processes. Investigators introduce decision-
makers' anticipations and assumptions into analysis when build-
ing strategies as a form of scenario. In such a way, scenario
analysis is often used as a powerful vehicle for decision making.
While a number of LCA case studies dealing with scenarios have
been performed, structured frameworks integrating LCA with
scenario analysis methodologies have not yet been established.
In this paper, we first propose a general framework for scenario-
based LCA. The framework provides retrospective and prospec-
tive studies with a clear structure. The most important charac-
teristic of the structure is the recognition and separation of three

valuation modeling, to aim at an increase in reviewability of the
entire study and reusability of the constructed models. Next,
we introduce a tool, termed lifecycle modeling language (LCML),
developed for modeling lifecycle systems and valuation proce-
dures with its relevant scenarios within the proposed frame-
work. LCML facilitates accumulating knowledge obtained from

or by applying the same patterns identified from the LCML de-
scription, and contributes to reducing the time and efforts needed
for an investigation. An illustrative example is presented to
show the functionality of LCML.

Keywords: Accumulation of knowledge; design pattern; Java;
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1 Introduction

There are various decision making situations where lifecycle
thinking is required. Lifecycle assessment (LCA) is a very
powerful tool which enables decision-makers to take into
account the environmental impacts arising from the entire
product lifecycle. In the conventional LCA, defined envi-
ronmental impact per functional unit of a product or serv-
ice is calculated to evaluate the existing lifecycle. However,
it is just the tip of the iceberg concerning the capability of
LCA in decision support.
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modeling processes, lifecycle modeling, scenario modeling, and §

scenario-based LCA studies, by reusing the constructed models, #

Frequently, a decision-maker's goal is to find the most
favorable scenario by evaluating various possible alterna-
tives which are generated using facts and anticipations. This
process is called scenario development. Assessment of tech-
nologies, policies, and social systems should be carried out
in conjunction with scenario development, i.e. scenario gen-
eration and evaluation. Therefore, integration of LCA with
scenario generation and evaluation is a vital factor in bring-
ing lifecycle thinking into a final decision.

1.1 Scenario development

Scenario development is an iterative activity. Generation and
evaluation of scenarios are repeated until a scenario which
can result in a favorable future is obtained.

For scenario generation, forecasting and backcasting are fre-
quently used. Forecasting is based more or less on extrapo-
lation of existing trends. It can provide investigators with
information such as the consequence of choices when there
are several possible alternatives before action. It is most useful
in sounding an alarm. On the contrary, backcasting starts
with the design of a desirable future and then investigates
how that future can be attained. This approach helps inves-
tigators identify required changes and options that can be
overlooked when using forecasting alone (Hojer and Matts-
son 2000). Focusing on the use of scenarios in LCA, SETAC-
Europe LCA Working Group 'Scenario Development in LCA'
(Pesonen et al. 2000) identified two basic approaches for
scenario generation, what-if scenarios and cornerstone sce-
narios. The what-if scenario is used to compare two or more
options in a situation that is well known to the investigator.
In such a study, the assumptions may be based on existing
data. The study provides quantitative comparisons among
the options that are well studied and do not have many dif-
ferences in a small-scale system with a short time horizon.
On the contrary, the cornerstone scenario is an approach
used to put 'cornerstone' alternatives in new and unknown
problem domains, where long-term and strategic informa-
tion is required. This kind of study does not necessarily yield
quantified results. Investigators choose several options which
might be very different. Alternatives based on these options
serve as 'cornerstones' of the field of interest, and thus, the
results provide investigators with an overall view to reper-
ceive the reality.
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Scenario evaluation is used for assessment of future situations
under a given scenario. There are various viewpoints consid-
ered for the assessment, such as cost, risk, safety and environ-
ment. Usually, the role of evaluation is not directly in decision
making, but in posing the basis for decision making by clari-
fying the tradeoffs among these viewpoints. When either the
extracted tradeoffs are solved by generating a different sce-
nario, or decisions that balance the tradeoffs are made, the
most favorable scenario is drawn out as the output of sce-
nario development. Best-case and worst-case scenarios are
evaluation techniques frequently used to assess the validity of
the evaluation. In the best-case scenario, the best possible as-
sumption is made in order to perceive the upper limit of the
uncertainty. The worst-case scenario is the opposite; here, the
lower limit of the uncertainty is observed.

In order to bring a lifecycle perspective into scenario devel-
opment, LCA methodology can be considered as one of the
most useful devices. The LCA framework defined in
ISO14040 (ISO 1997) does not explicitly include scenario
development in its covered usage. However, a number of
scenario studies have been reported, adapting the LCA frame-
work for their specific case objective (McLaren et al. 1999,
Miyamoto et al. 2000, Shimada et al. 2000). In these stud-
ies, the possible future situations are simulated by construct-
ing models, which include process chains, specific condi-
tions and assumptions. The results obtained from such
simulations clarify the differences of the material and en-
ergy flows at the boundary of a lifecycle system for a certain
scenario from those for a base-case scenario. Then they are
converted into some indicators using LCIA methodologies.

Since scenarios inherently deal with the past, present, and
future situations, including the paths among them, time-de-
pendent conditions and effects should be taken into account
in scenario development. Dynamic LCA methodology has
been proposed for this purpose (Shimada et al. 2000). The
dynamic LCA is inevitable, particularly when a process ex-
ists in the lifecycle system, where products take a relatively
longer time to go through than other processes. The process
of consumption of a long-lifetime product is an example.

1.2 Need for accumulating knowledge

Even if the methodology of the scenario development is estab-
lished and even if it is integrated with LCA, it must be noted
that extended use of LCA for scenario development is a costly
activity. Since there is little accumulated knowledge about the
scenario development and a scenario always includes non ex-
istent processes, the model to be evaluated must be constructed
from the very beginning and the data collection may be more
difficult than in the conventional LCA studies. Therefore, ac-
cumulation of knowledge about the scenario development must
increase reusability of models and data.

It is said that transparency of the model, data and assump-
tion is important to validate LCA results. More efforts to
assure transparency are needed in the novel applications of
LCA to scenario development, because of the increased com-
plexity and uncertainty in models and data. Reviewability is
a crucial issue for the validation of an LCA study.
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Several possible efforts can be considered to comply with
these issues. The development of standardized software tools
is thought to be a practical solution, because good software
tools, including user interfaces, provide users with a clear
description of the framework and language, as well as a
means to communicate knowledge in a common way among
the users and reviewers. Although knowledge in the LCA
and scenario development is presented in both data and
models, knowledge is not only the data and model itself, but
also the art of modeling. Thus, compilation and structurali-
zation of useful patterns in modeling by standardized repre-
sentation are the other valuable ways to enhance reusability
and reviewability.

In this paper, we first propose a general framework for sce-
nario-based LCA, an integration of LCA and the scenario
development in section 2. Secondly, we introduce the lifecycle
modeling language (LCML), a tool for modeling under the
proposed framework, in section 3. LCML has three equiva-
lent representations, each for different purposes required for
the functionality of the language. In addition, the frame-
work and LCML are demonstrated through an illustrative
example in section 4.

2 General framework of scenario-based LCA

The SETAC Working Group on Scenario Development in
LCA suggested the following definition of a scenario in LCA
studies (Pesonen et al. 2000): " A scenario in LCA studies is
a description of a future possible situation relevant for spe-
cific LCA applications, based on specific assumptions about
the future, and (when relevant) also including the presenta-
tion of the development from the present to the future."
Following this definition, we propose a general framework
for scenario-based LCA to enable a concretely structuralized
view and to facilitate knowledge accumulation from sce-
nario studies in LCA.

Scenario-based LCA studies reported in the literature
{McLaren et al. 1999, Miyamoto et al. 2000} can be
redescribed using the proposed framework, although they
are not implemented to be fully compatible with it. Most of
the models developed in previous studies include predefined
specifications and implicit assumptions. Redescription us-
ing this framework allows us to clarify the structure of a
model and thus increase the reviewability of studies.

2.1 Scenario development and scenario-based LCA

In preparation, a general framework of scenario develop-
ment is drawn in Fig. 1. Scenario development is an activity
performed to obtain the most favorable scenario from needs
determined in a decision-making activity. In order to obtain
the most favorable scenario, different kinds of scenarios are
generated using techniques such as forecasting and back-
casting. The generated scenarios are evaluated from the view-
points of the decision-maker’s needs, and the result is then
returned to the scenario generation which continues until
the most favorable one is obtained. In this framework, three
models must be constructed and organized for scenario de-
velopment as shown in Fig. 2. Conventional LCA inherently
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Fig. 1: General framework of scenario development

indices) are yielded. A valuation model converts these flows
into several indicators. If the investigator is interested in the
global warming problem, global warming potential (GWP)
may be calculated using the amounts of output flows of
green-house effect gases. The valuation model may contain
a weighting procedure to unify multiple indicators.

In addition to these models drawn on the upper part of Fig. 2,
we introduce a scenario model for scenario-based LCA in
the lower part of Fig. 2, where four examples of scenario
models are shown; process, technology, environmental and
valuation scenarios. They represent models to evaluate sup-
ply change, process performance change, climate change and
multiple resource exhaustion, respectively. We consider that
a scenario is described by scenario parameters and assump-
tions. As a result, a scenario model is defined by a catego-
rized set of every possible parameter existing in the lifecycle
and valuation models. We identified that there are two cat-
egories in scenarios which correspond to the two models in
the conventional LCA. Scenarios that have the same amount

B Obj. A
O L — Obj. C
:;: T ’
f2
i3
Lifecycle model Valuation model ~ ©b-A Obj. B
/ ’K Scenario model Z
Name : “Supply Change” Name : “Climate Change”
Parameters Type Value Parameters Type Value
f1 Scenario 3,5, 10 [ton] Solar Power Fixed 0.8 [kW/m2]
r Fixed 22 ==] Forestarea Scenario | 20,25,30 [%]
r2 Fixed 1.0 [-] City area Scenario | 40,35,30 [%]
r3 Fixed 2.0 [-]
Environmental scenario
Process scenario
Name : “Resource Exhaustion”
Name : “Performance Change” Parameters Type Value
Parameters Type Value Weight A Scenario | 0.2
1 Fixed 10 [ton] Weight B Scenario | 0.4,0.6
f2 Fixed 17 [ton] Weight C Scenario | 0.4,0.2
ri Fixed 1[-1]
:g g&i‘;a“o ?:g';_'(])' 1.2 Valuation scenario
Tect .

Fig. 2: Relationships among lifecycle model, valuation model and scenario models

involves two models, a lifecycle model used for lifecycle in-
ventory analysis (LCI) and a valuation model used for
lifecycle impact assessment (LCIA). A lifecycle model repre-
sents a process chain connecting process sub-models, which
represents the relationship between input and output flows.
Using the lifecycle model, the total amounts of input and
output flows of the entire lifecycle (input and output flow
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of flows or process parameters as the scenario parameter
can be categorized in the same group, since they are rel-
evant only with the lifecycle model. The process and tech-
nology scenarios in Fig. 2 are classified into this category.
On the contrary, scenarios introducing change in an envi-
ronmental system or in the public sense of values can be
grouped into another category, since they are only relevant
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Fig. 3: General framework of scenario-based LCA

with the valuation model. The environmental and valuation
scenarios in Fig. 2 are classified into this category. A specific
scenario can be described as a logical summation of these
two categories. The scenario model is developed to enhance
the conventional models so they are capable of scenario de-
velopment. Description of a scenario-based LCA study ap-
pears as a coupling of these three models.

The general framework of scenario-based LCA derived from
Figs. 1 and 2 is presented in Fig. 3. The three procedures in the
lifecycle inventory analysis stage produce inventory data from
the target lifecycle system boundary. The three procedures in
the lifecycle impact assessment stage produce indicators which
are used for decision making. Each group is divided into sce-
nario generation and evaluation from the scenario develop-
ment perspective. This framework of scenario-based LCA in-
volves two iterative procedures for scenario development. In
the first procedure, the lifecycle model is developed based on
the goal and scope definition of the study, which will be
discussed in section 2.6. Then, the scenarios in considera-
tion are classified into two categories and scenario models
relevant to the lifecycle model are constructed by categoriz-
ing parameters in the lifecycle model, collecting necessary
data, and making assumptions. Using the models constructed
so far, input and output flow indices of materials and energy
are obtained. They are transferred to the second iterative
procedure. An adequate impact assessment methodology is
chosen and modeled as a valuation model, and then the sce-
nario model relevant to the valuation model is constructed.
Finally, the indicator is calculated. If the result of the sce-
nario assessment satisfies the investigator's requirements, the
most favorable scenario is developed.
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2.2 Lifecycle modeling

The lifecycle model in the proposed framework is a process
chain model including various constraints and interactions.
The structure of relationships between parameters and the
degree of freedom in the scenario is governed by this model.
Dynamic aspects of parameters are also described in this
model. However, the lifecycle model only prescribes the struc-
ture of relationships between parameters in this framework.
None of the values of parameters are specified in a lifecycle
model. Its role is limited to expressing the structure of the
relationship between all parameters in the target system.
Parameter values are treated in the scenario model.

Although the number of individual lifecycle systems that can
possibly be a target of analysis is large, each one can be
broken down into a series of similar relationships that are
commonly used in different models. These relationships are
based on the same mathematical principles and are dis-
patched with sub-models in the process chain. The types of
each of the sub-models are defined in the implementation
based on this framework.

Fig. 4 illustrates the most simple lifecycle model with two
input and one output flows including six parameters. Fig. 4
(a) and (b) show a static model and a dynamic model with
delay attributes, respectively. They are drawn using LCML,
an implementation of the proposed framework described in
section 3. The box here represents a 'linear unit' in LCML,
which represents the constant conversion ratio. The conver-
sion ratio is the ratio between flow rates and is signified
with a circle inside the box. The degree of freedom of this
lifecycle model is four in any case, which means that four
values of the six parameters must be set to determine all of

int J LCA 7 (6) 2002



LCA Methodology Scenario-based LCA
ri() r3(t)
i r rs fit) d1(t) ds(t)

I:lj>_' O Linear
IZD o Unit

rz

o8

f2

= constant for all i

=)=

f3(t)

':>_g o 8

ra(t)
d2(t)
fit—di() _ f(t+de)
n-d)  1(+d)

i for input side, j for output side
In this uni, i=1,2 and j=3

f(t)

= constant for all i, j.

Fig. 4: Lifecycle mode! with two input and one output flows

the parameters in this model. Note that not only the flow
rate, but also the specification of the relationships such as
the conversion ratio in the linear unit can be a parameter in
a lifecycle model. Figure 4 (b) depicts the same model with
dynamic extension. The box here is also a linear unit, but
dynamic attributes are defined. In our framework, time is
not a parameter itself, but an attribute for other parameters.
In addition to the time attribute, each flow requires a cer-
tain amount of time for processing. Therefore, the delay fac-
tors {d,(t), d,(t), and d,(¢)) are defined as a parameter in the
unit, in addition to the conversion ratios at every time step.
Values of input and output flows are associated with one
another in the dynamic linear model.

2.3 Valuation modeling

Changes in flow rates corresponding with changes in scenario
parameters are interpreted into a certain form using valuation
models. This model is constructed by investigators to meet
their interests, cases, and sense of values. The role of the valu-
ation model involves LCIA procedures such as classification,
characterization, damage estimation, and weighting.

The major issue in valuation modeling within scenario-based
LCA is that there are not many LCIA methodologies fully
capable of dynamic evaluation. If we use cumulative emission
factors, which are environmental impacts associated with a
functional unit calculated by the retrospective LCA method,
the dynamic aspect of the analysis would not be reflected prop-
erly. It must be noted that the conventional inventory data for
LCI does not provide sufficient information to perform dy-
namic analysis. Extension is needed both in data mode! and
LCIA methodologies, otherwise we have to use the compli-
cated and rare results from flow calculation for assessment, or
integration of environmental load over a period described in a
scenario using the static methods.

Valuation models may involve time dependent parameters,
which are not fixed in the focal time period. For example,
cumulative emission factors for utilities will be frequently
selected as a scenario parameter to represent the evolution
of the technology. Weighting factors for different impact
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categories is another possible candidate for scenario param-
eters to reflect the change in significance of each impact cat-
egory in society. Therefore, scenario models are also con-
structed for parameters in the valuation model.

2.4 Scenario modeling

According to the definition of a scenario by the SETAC
Working Group (Pesonen et al. 2000), 1) possible future situ-
ation, 2) assumptions about the future, and 3) presentation
of development from the present to the future should be
expressed within the framework. In the proposed framework,
they are expressed as scenario models.

A scenario model is a categorized set of parameters that are
involved in the corresponding lifecycle model and valuation
model. There are three types of parameters; fixed param-
eters, scenario parameters and other parameters. Note that
time is not treated as a parameter in our framework. Evolu-
tion of time is an inherent scenario parameter in every sce-
nario which cannot be controlled in an analysis. Instead,
time is an attribute for every parameter. A parameter can be
categorized into different types according to its different time
attributes. However, the categorization itself cannot be
changed dynamically in a scenario model.

A parameter whose value is constant through any situation in
the scenario is categorized as a fixed parameter and its value
is specified in the scenario model. A parameter that can be
explicitly changed by a scenario investigator is categorized as
a scenario parameter. The changes in the amounts of scenario
parameters express the transition of states or situations through
the scenario. The rest of the parameters are categorized as
other parameters, which can be determined according to the
degree of freedom in the lifecycle model and valuation model.
Degree of freedom is determined according to the number of
parameters and the structure of the models.

We identified four types of scenarios, the technology scenario,
process scenario, environmental scenario, and valuation sce-
nario, as shown in Fig. 2. The technology scenario describes
the change of performance within a process due to the evolu-
tion of technology. The process scenario has flow rates or
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mechanisms that affect the flow rates. The environmental sce-
nario expresses the change in environment. The valuation sce-
nario is in charge of the description of the change in sense of
values of the stakeholder. The technology scenario and proc-
ess scenario are modeled as scenario models corresponding
with the lifecycle model, and the environmental scenario and
valuation scenario are modeled as scenario models correspond-
ing with the valuation model. A scenario model can be devel-
oped as a hybrid of different types of scenarios.

As described schematically in Fig. 2, any number of sce-
nario models can be constructed for a lifecycle model or
valuation model. This means that the lifecycle model and
valuation model can be reused among different scenarios
when needed. This structure assures the direct reusability of
each model, as well as the reviewability and indirect reus-
ability of the entire study.

2.5 Scenario assessment

Using the scenario model, all values of the parameters in the
lifecycle model are determined. Values of scenario param-
eters and fixed parameters are provided by a scenario. All
other parameters are calculated according to the relation-
ships prescribed by respective lifecycle and valuation mod-
els. A combination of the lifecycle model and scenario model
produces indices of material and energy flows, which are
used in the valuation model corresponding to the first part
of scenario-based LCA shown in Fig. 3. On the other hand,
a combination of the valuation model and scenario model
results in evaluation. This combination corresponds to the
latter part of Fig. 3.

Actually, a part of scenario assessment is already performed
when scenario models are constructed, because the determi-
nation of parameters is performed both in scenario assess-
ment and in scenario modeling, where we categorize pa-
rameters into fixed, scenario, and other parameters and give
actual values to the fixed parameters.

Scenario-based LCA studies reported in the literature (McLa-
ren et al. 1999, Miyamoto et al. 2000) can be redescribed
using this framework, although they are not implemented
to be fully compatible with it. Most of the models devel-
oped in previous studies include predefined specifications
and implicit assumptions. Redescription using this frame-
work allows us to clarify the structure of a model and thus
increase the reviewability of studies.

2.6 The goal and scope definition and interpretation stages

In the scenario-based LCA framework, goal and scope defi-
nition and interpretation stages play quite a fundamental
role. At the goal and scope definition stage, a basic orienta-
tion of scenario development should be defined. In this stage,
results from other preliminary analyses may provide insights
to the scenario development. Let us consider a case whose
basic orientation is to substitute a product with a different
product. Results from conventional LCA may provide a basic
supporting knowledge to decide the basic orientation,
whether or not to substitute the product, before going into
scenario-based LCA procedures.
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Once the lifecycle, valuation, and scenario models are con-
structed as described in the previous sections, the developed
scenario is examined in the interpretation stage. The primary
purpose of the interpretation stage in this framework is to
analyze results, reach conclusions, explain limitations and pro-
vide recommendations in a form of a scenario, which is simi-
lar to the purpose of life cycle interpretation described in
1SO14043 (ISO 2000). In addition, modification and refine-
ment of the scenario, which would be equivalent to the modi-
fication in lifecycle, valuation, and scenario models, are other
important objectives. The path from the interpretation stage
to the goal and scope definition stage makes a scenario more
detailed and strategic from the more primitive scenario based
on the orientation set in the previous iteration.

Sensitivity and uncertainty analyses offer important infor-
mation to the latter objectives, as well as to the former ob-
jective in the ways described in 1SO14043. Sensitivity analysis
provides information that shows which parameter may well
be added to or excluded from the current set of scenario
parameters. Justification of the boundary of the lifecycle
model also requires sensitivity analysis. In the scenario, not
all of the process is well known. Thus, there is a vital need
for setting assumptions in the inventory data, and such as-
sumptions should be checked if their entailing uncertainty
matters in the result.

3 Lifecycle modeling language (LCML)

The framework provides the conceptual foundations for the
execution of scenario development and for accumulation of
knowledge generated in scenario-based LCA studies. For
investigators, however, the framework is not sufficient to
carry out actual scenario development. In addition, an ac-
tual substance of the framework should be supplied as well.
We developed a tool, termed lifecycle modeling language
(LCML), for modeling of a lifecycle system and its relevant
scenarios. This tool is a modeling environment in the form
of a computer software system which has three requirements;
1) a complete implementation of the framework presented
in section 2, 2) a graphical user interface for standardized
communication between investigator and computer, 3) a flex-
ible format of data and model to accumulate knowledge and
to exchange knowledge among investigators and different
software systems. These requirements are realized by pro-
viding different variations of LCML representation, which
are graph representation, Java™ representation, and XML
(extensible markup language) representation. Note that they
represent the same models and can be converted to each
other by using the tools we provide, as shown in Fig. 5.

Graph representation is in the form of documents with graph,
table and essential descriptions. The structure of a lifecycle
model is described visually by using several basic shapes such
as boxes and arrows as shown in Fig. 4. Various types of
units, which are sub-models in a process chain, are made to
correspond to these shapes, and the details of each model
element are described in text documents. The scenario model
is described in a table, together with the corresponding life-
cycle model.

Int J LCA 7 (6) 2002
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Java™ is an object-oriented programming language widely
used for recent software development. Using Java represen-
tation of LCML, the models are implemented as objects,
building blocks comprising software systems. Therefore, all
the calculations that are needed in the scenario assessment
can be carried out. This characteristic, the equivalency of
modeling and programming, inherently comes from object-
oriented architecture. We developed the Lifecycle Modeler,
software equipped with a graphical user interface based on
the LCML graph representation. Using this software, inves-
tigators can carry out lifecycle modeling using graph repre-
sentation, and the Java model is concurrently constructed
using Java representation. Thus, graph representation and
Java representation are convertible.

XML is a meta-language, a language used to define a new
language. We decided to develop the XML representation of
LCML, to transfer models from software to data, which can
be distributed among different software systems. XML has
many support utilities, such as tools for automatic generation
of software modules that can handle a specific language de-
fined using XML. This functionality assures the convertibility
between Java representation and XML representation.

We can find two successful analogous cases from other fields,
that accumulate knowledge by pattern recognition using lan-
guage designed for the problem domain. The first example
is flow sheeting in chemical process design (Duncan and
Reimer 1998, Himmelblau and Bischoff 1968). Unit opera-
tions in chemical engineering served as a useful vocabulary
in the language, the flow sheets used for accumulating knowl-
edge generated in the chemical process design. The second
example is the unified modeling language (UML) in soft-
ware engineering (OMG 1999). UML provides system ar-
chitects using object-oriented software design methodolo-
gies with one consistent language for specifying, visualizing,
constructing, and documenting the artifacts of software sys-
tems. Various useful design patterns are recognized and the
pattern catalogue is referred to very frequently during the
object-oriented software design activities (Gamma et al.
1995). The underlying common principle in these cases is to
define a domain-specific vocabulary, to facilitate the descrip-
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tion, to make a pattern catalogue through pattern abstrac-
tion from the actual cases, and to associate actual examples
with each pattern.

LCML has a set of models of process units, which are useful
components to describe a lifecycle model. These unit mod-
els, used as sub-models for lifecycle models, were identified
from a number of case studies. By using these unit models,
description of a lifecycle model is simplified. Likewise, the
further development of LCML and case studies should be
carried out complementarily.

4 lllustrative Example

In this section, the usage of LCML is illustrated using an
example of a car selection and product transition scenario.

4.1 Car selection and development of product transition scenario

There are several possible alternatives in technologies that
are used for improving the environmental performance of
cars. When these technologies are to be introduced, they
must be investigated in advance, from the lifecycle perspec-
tive. As an example, we generate and evaluate a scenario
named 'Car product transition scenario’.

We assume that the car manufacturer developed a new car,
car B, which was equipped with a more efficient engine sys-
tem than that of car A. Car A has already been produced
and been on the market for the past twenty years. The retro-
fit of the engine system achieved a 50% increase in the mile-
age efficiency. On the other hand, the electric power con-
sumption in the scrapping process of car B increases it to
200% of that of car A. CO, emission is chosen as the sole
environmental indicator of the evaluation. From a result of
retrospective static LCA proved that the lifecycle CO, emis-
sion of car B is less than that of car A. Although the invest-
ment cost to change the production system from car A to
car B is considerably high at this moment, it is expected to
decrease in the near future. The present interest of the deci-
sion-maker lies in the exact trade-off between CO, emission
and the expected cost. The scenario-based LCA should be
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D1 Distribution Car A Use
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L3 Linear Car B Dismantling

L4 Linear Car B Scrapping

S1 Summation car production = new car A + new car B

M1 Multiplication  car A stock x trip distance = mileage A x car A gasoline consumption
M2 Multiplication  car Bstock x trip distance = mileage B x car B gasoline consum ption
M3 Multiplication  car A gasoline consumption x conversion = CO2 from car A

M4 Multiplication  car B gasoline consumption x conversion = CO2 from carB

Fig. 6: Lifecycie model of car product transition scenario

used for scenario development and time-dependent assess-
ment of such a situation, starting from the definition of ba-
sic orientation (replace car A with car B) as described above.
Taking into account the lifetime of both cars (both 10 years),
the focal period starts at thirty years ago and ends at forty
years in the future. The demand of car use and the cumula-
tive emission caused by car production and the scrap usage
are assumed to be constant throughout the focal period. Life-
times of both cars are assumed as a normal distribution with
an average of ten years and variation of two years, which do
not influence each other. There is a constraint that the number
of cars which can be produced is constant.

The lifecycle model of the car product transition scenario is
described using LCML as shown in Fig. 6. The cars are used
by a consumer (Units D1, D2}, dismantled into the compo-
nents (Units L1, L3), and finally scrapped (Units L2, 1.4). Re-
cycling is not considered in this example. Electric power is
used for dismantling (Flows F2, F10) and scrapping (Flows
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F3, F11). Gasoline consumption (Flows F6, F14) and direct
CO, emission from car use (Flows F7, F15) are calculated
from the mileage efficiency of each car (Parameters P2, P4),
trip distance per year (Parameter P5), and the stock in the mar-
ket (Parameters P1, P3). Here, we concentrate on the produc-
tion capacity constraint on parameter P7. Other interactions,
which may be caused between two car lifecycles, are not in-
cluded in this example. The model does not include upper
streams including the production stage, since we assume here
that both cars are produced with an equivalent usage of materi-
als and energy. The processes after scrapping are also ignored,
as the treatment of car scrap is the same for both cars.

In the LCML graph representation, a box arrow represents
a flow, and a circle depicts a parameter. In addition, four
kinds of unit models are used in the lifecycle model of this
example. They are categorized into two groups; parameter
and flow unit. Every model element is given a unique name.
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A parameter unit, expressed as a box with a double line on the
side, is used to express various relationships among two or more
parameters and flows. In this example, a surnmation unit, S1, is
used to equilibrate the sum of parameters connected on one
side and that on another side. Multiplication units, M1 to M4
can be used likewise, in case we need to use the multiplication
operation instead of the summation operation.

A flow unit, expressed as a box, represents an activity, in-
cluding a process, operation or reaction, whichever changes
the attributes of flows such as its element and amount, ac-
cording to the allocated parameters that are specifically de-
fined for each type of unit. In this example, linear units, L1
to L4 are used to represent car dismantling and scrapping
processes, which are assumed to have input and output flows
that obey the linear relationships. A distribution unit is an-
other variation of flow units used in this example. The input
to this unit is stored for a certain period following a given
lifetime distribution. Car consumption processes, D1 and
D2, are expressed using the distribution unit.

In this investigation, we look at the effect of changing the
product from car A to car B, where the physical resources
for production are limited. This limitation is set by selecting
the overall car production, P7, as a scenario parameter to-
gether with the production rate of car A, F1. The time step
starts from —30, to prepare the situation that car A is on the
market at year 0. The car production is switched from car A
to car B in the O-th year. Parameters involved in a unit, such

as the conversion ratio in the linear units and lifetime distri-
bution of both cars in the distribution unit are set as fixed
parameters in this scenario model. In addition, the mileage
of both cars, P2 and P4, service provided by a car per year,
and conversion from gasoline to CO,, P6, are also provided
as fixed parameters. The stock of each car at the start of the
production is required for the calculation. Other parameters
involved in the lifecycle model are calculated from the fixed
and scenario parameters, where the degree of freedom is satis-
fied. The scenario model relevant to the lifecycle model in this
scenario is summarized in Table 1. In scenario models, the
basis of given values should be described. As described, all of
the values are hypothetically set in this example. Note that all
model elements: flows, parameters, flow units, and parameter
units are given a unique name. The different rows in Table 1
that have the same name entry describe the same parameter,
each of which has a different time attribute. From the lifecycle
model and scenario model constructed so far, flow indices can
be calculated as shown in Table 2. LCML Java representation
is used for all calculations.

The total CO, emission is the sole focus in the evaluation per-
formed in this example. The Input/Output (I/O) flow indices
are converted into CO, emission using the cumulative CO,
emission factor in the valuation model. It should be noted
that it is assumed that all CO, emission, which arises beyond
the lifecycle model boundary, takes place within the same year

Table 1: Scenario model (relevant to lifecycle model) for car product transition scenario

Unit -~ "4~ Name Value Unit . Time . Type = ‘. Basis .
- new car A 0 [cars/year] before —21 Scenario Imaginary
- new car A 10,000 [cars/year] —20to 0 Scenario Imaginary
- new car A 0 [cars/year] 11040 Scenario Imaginary
- car production 0 [cars/year] before —21 Scenario Imaginary
- car production 10,000 [cars/year] -20 to 40 Scenario Imaginary
- car A stock 0 [cars] before —21 Fixed Imaginary
- car B stock 0 [cars] before 0 Fixed Imaginary
- mileage A 10 [kmv/kg] entire period Fixed Imaginary
- mileage B 15 [kmv/kg] entire period Fixed Imaginary
- trip distrance 1,000 [km] entire period Fixed Imaginary
- conversion 2.31 [kg-CO,/kg-gasoline] entire period Fixed Imaginary
D1 new car A N(10,2)* N([year], [year])® entire period Fixed Imaginary
D1 used car A N(10,2)® N([year], [year])® entire period Fixed Imaginary
L1 used car A 1 [cars] entire period Fixed Imaginary
D2 new car B N(10,2) ® N([year], [year])® entire period Fixed Imaginary
D2 used car B N(10,2)® N(lyear], [year])* entire period Fixed Imaginary
L3 used car B 1 [cars] entire period Fixed Imaginary
Lt electricity A1 1 [kWh] entire period Fixed Imaginary
L2 electricity A2 0.5 [kwWh] entire period Fixed Imaginary
L3 electricity B1 1 [kWh] entire period Fixed Imaginary
L4 electricity B2 1 [kWh] entire period Fixed Imaginary
L1 component A 1,000 [kal entire period Fixed Imaginary
L2 component A 1 [ka] entire period Fixed Imaginary
L3 component B 1,000 [kg] entire period Fixed Imaginary
L4 component B 1 [kg] entire period Fixed Imaginary
L2 scrap A 1 [kg] entire period Fixed Imaginary
L4 scrap B 1 [kg] entire period Fixed Imaginary

2 N(m,v) stands for normal distribution with mean m and variation v
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Table 2: Flow rates in the car product transition scenario

Flow /0 Name Unit Value (time) Lo

F1 Input new car A [cars] 0 (30 to ~21), 10,000 (—20 to 0), 0 (1 to 40)

F2 Input electricity A1 [kWh] 0 (-30 to —15), 51.73 (—14), 349.40 (-13), ...

F3 Input electricity A2 [kWh] 0 (-30 to —15), 25,863.77 (—14), 17469951 (—13), ...
F6 Input car A gasoline consumption | [kg] 0 (30 to —-21), 10,000 (-20 to 0), 20,000 (-21), ...
F7 Output scrap A fka]

F8 Output CO, from car A [kg-CO,] 0 (—30 to —21), 100,000 (—20), 2,000,000 (—19), ...
F9 Input new car B [cars] 0 (30 to 0), 10,000 (1 to 40)

F10 input electricity B1 [kWh] 0 (-301t0 6), 51.73 (7), 349.40 (8), ...

F11 input electricity B2 [kWh] 0 (-39 to 6), 51,727.55 (7), 349,399.02 (8), ...

F14 Input car B gasoiline consumption | [kg] 0 (30 to 0}, 6,666,666.67 (1), 1,333,333.33 (2}, ...
F15 Qutput scrap B [kg]

F16 Qutput CQO, fromcar B [kg-CO,] 0 (=30 to 0), 154.000 (1), 3,080,000 (2), ...

Table 3: Scenario model (relevant to valuation model) for car product transition scenario

Name Value - Unit Time Type Basis
Gasoline Production 0.6517 [kg-CO,/kg-Gasoline) entire period Fixed Imaginary
Electricity 0.357 [kg-CO,/kWh] entire period Fixed Imaginary

scope of the study, and a new parameter would be added to
the previous set of scenario parameters in the scenario model.

of production. Otherwise, the time profile of the CO, emis-
sion cannot be traced, but even in such cases, the integral
emission can be observed properly. The scenario model cor-

responding with the valuation model is shown in Table 3.
4.2 Demonstration of reviewability, reusability, and

Time profiles of input and output flows passing through the accumulation of knowledge

model boundary are translated into lifecycle CO, emission as
shown in Fig. 7. The CO, emission at the steady state that is
observed from time —10 to 0 (car A) and from time 13 to the
end (car B) is simply assessed using the conventional type of
LCA. Scenario-based LCA provides more detailed results,
such as the CO, emission at the transitional state.

In this section, increased reviewability of the study, reus-
ability of models, and accumulation of knowledge in lifecycle
modeling are sketched out.

Reviewability is important, because all data of a study should
be available for a credibility check for validation of the study.
As is evident in this example, defining parameters and assign-
ing values to the parameters are separate tasks. The former is
performed in lifecycle model and the latter in the scenario model.
This feature prevents us from overlooking the existence of im-
plicit data in the model, and clarifies the structure of the sce-

The result shown in Fig. 7 indicates that the effect of a re-
placement of products is evident with time lag. During re-
placement, the CO, emission is evident as a result of disman-
tling and scrapping, after the emission decreases due to an
improvement in the mileage efficiency. This interpretation may

lead to the modification of the scenario, which takes the evo-
lution of the dismantling and scrapping technology into ac-
count. Clarification of the relationship between technology
development and resulting emission would be added into the

nario. In the example, we had to set the scenario period from
the year —30, which may appear to be irrelevant but in fact is
not, since the number of cars stocked in the market and its time
profile are required for the calculation for the time period we

15000
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10000
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Car A Gasoline
(Combustion)
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Fig. 7: Timeprdfile of lifecycle CO, emission
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are looking at. This kind of implicit information might be over-
looked in many cases. As another important aspect of review-
ability, it should be noted that sharing information using the
same language, such as LCML, could greatly facilitate commu-
nication between different investigators.

Reusability is crucial for reducing the cost of conducting a
new study. Among the three types of models, the lifecycle
model has great potential to be reused in other studies, since
the structure of parameter relationships can be used in dif-
ferent contexts. In our framework, scenario and valuation
models can be added by other investigators with modified
data values and valuation methods, instead of starting the
procedure from the very beginning. This approach reuses
the lifecycle model as it is. In this example, it is easy to modify
the study to consider the change in cumulative CO, emis-
sion factor, by adding a different scenario model. There are

also possibilities to use the lifecycle models as part of the
lifecycle model for a new study. It is almost a straightfor-
ward procedure to extend the lifecycle model in the exam-
ple to consider the third type of car, as shown in Fig. 8,
which gives the result shown in Fig. 9.

By achieving high reviewability, reusability of a study is also
increased. This is because there are indirect ways of reusing
a study, in addition to the direct reuse of the models. The
studies can be adapted to other cases with minimum modi-
fication, if highly reviewable. The structured framework in-
creases the reviewability of a study, and thus, the indirect
reusability is increased at the same time.

In the example, the distribution unit alone is not sufficient
to express the car consumption process, since it cannot pro-
vide the values of inputs and outputs, which are calculated
as functions of the stock in the unit, such as CO, emission

new car A

car @

gasdline
consum ption

car production

51

car B
gasoline
consumption

new car B

mileafc
] we

used car C

compqnents[TC y saap C
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new car C i L2 = L6
electridty C2
Unit Type Description
D1 Distribution Car A Use
D2 Distribution Car B Use
3 Distribution Car C Use
L1 Linear Car A Dismantling
L2 Linear Car A Scrapping
L3 Linear Car B Dismantling
L4 Linear Car B Saapping
3 tinear Car C Dismantiing
L6 Linear Car C Scrapping
S1 Summation car production = new car A + new car B
M1 Multiplication  car A stock x trip distance = mileage A x car A gasoline consumption
M2 Multiplication  car Bstock x trip distance = mileage B x car Bgasoline consumption
M3 Multiplication  car A gasoline consumption x conversion = CO2 from @rA
M4 Muttiplication  car B gasoline consumption x conversion = CO2 from carB
M5 Muttiplication  car C stock x trip distance = mileage C x car C gasoline consumption
M6 Muttiplication  car C gesoline consumption x conversion = CO2 from @arC

Fig. 8: Extended lifecycle model for car product transition scenario
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Fig. 9: Time profile of lifecycle CO, emission calculated from the extended model

and gasoline consumption. In such cases, two practical so-
lutions in lifecycle modeling could be considered as follows.

The first option is to use the combination of predefined units.
In the example, CO, emission and gasoline consumption were
calculated using parameters and parameter units. This kind of
possible walk around, in other words 'art of modeling', can
also be effective in other situations if they are collected in a
reusable way. This collection of patterns is accumulated by add-
ing to a pattern catalog, which becomes an aid for case studies.

Defining a new unit is another option to accumulate the art of
modeling. As shown in Fig. 10, the newly constructed model
looks simple by defining a new unit. In this example, 'con-
sumption unit' C, is defined by integrating D;, M, M;, and
relevant parameters. As the result of integration, external pa-
rameters such as 'car A stock’, 'mileage A', 'conversion', and
'trip distance' are encapsulated as more general internal pa-

rameters in the consumption unit. Fig. 11 describes the new
'consumption unit' model. Consumption unit is defined as a
unit which has two different kinds of input and output. One is
the input and output drawn as single line box arrows, that are
calculated in proportion to each other related to the ratio pa-
rameter (,,(¢), 7,,.(t)) and delay parameter (d,(?), d,,.(t)). The
other is the input and output drawn as double-line box arrows
that are in proportion to the stock parameter (stock(t)) related
to the stock ratio parameter (s7;(2), sr,(t)).

5 Discussion
5.1
The proposed framework described in Fig. 3 involves one loop,
which makes the scenario more detailed, and two sub-loops,

each of which includes the iterative procedures in scenario de-
velopment. The two sub-loops can be coupled, where the result

Integrated use of exogenous models

electricity Al electricity A2
new car A i | scrap A
i T used car A = compornients A = i
car A . '
gas.c.lirlfo?.:r‘> ] T '
consumption | R i
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] ML ( .) y carA
i ______________ mileagg j
trip distance
car A gasoline CO2 from  electricity electricity
consumption car A Al A2
ED :> E> scrap A
E: c1 E; u 2
new car A used car A components A

Fig. 10: Simplification of complex pattern by defining a new type of unit model
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Fig. 11: Consumption unit

of the scenario-based LCA has the possibility of influencing the
product lifecycle. By using the result from the valuation model
as a feedback to the scenario model, the effect of communica-
tion of the result, such as the consumers' reaction to the eco-
labeling, can be simulated. In order to realize such an assess-
ment, we need exogenous models, a consumer reaction model
in this case, to combine scenario models for the lifecycle and
valuation models. Parameters in the lifecycle and valuation mod-
els will be associated with each other through the exogenous
model, outside of the scenario-based LCA framework. Many other
models can be used in a similar integrated manner, such as those
simulating the effect of taxation and subsidies, prediction of fu-
ture demand, and evolution of future technologies.

5.2 Two methods for accumulation of knowledge

As presented in section 4.2, there are two alternative ways to
facilitate the modeling of a complex structure. One is to define
a new type of unit model and another is to catalog patterns.
These two means are mapped in the area prescribed by simplic-
ity and flexibility of the identified pattern, as shown in Fig. 12.

Adding a new type of unit model is useful, when the pattern
has a complex structure but flexibility is not needed. If a
certain complex structure is frequently used for different situ-
ations with the same functionality, it is useful to define it as
a new type of unit model for the structure, such as the con-
sumption unit in the example.

On the contrary, adding patterns to a catalog is more valu-
able, when the pattern has a simple structure, and is adopted
in diverse situations. In the example of a consumption unit,
separate descriptions of 'mileage' and 'trip distance' became
more complex. If one needs to select mileage as a scenario
parameter, the model using the consumption unit might be

simplicity

Pattern Cataiog

New type of

Unit Model

Not likely a pattern

fiexibility

Fig. 12: Applicable means of knowiedge accumulation in scenario-based LCA
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constructed as shown in Fig. 13, which may not differ much
from the original model without the consumption unit shown
in the upper part of Fig. 10 from the viewpoint of complexity.

6 Conclusion

In this paper, we first discussed the scenario development as a
means for decision making and proposed a general framework
to perform scenario-based LCA. The framework provides sce-
nario-based LCA studies with a more structuralized view, and
foundations for accumulation of knowledge. In addition to the
framework, we developed tools to carry out scenario develop-
ment, and proposed a language named the lifecycle modeling
language (LCML) for the accumulation and exchange of knowl-
edge within this framework. A simple example, scenario devel-
opment in the selection of cars, showed applicability of LCML
as a standardized language for scenario-based LCA.

Further enrichment of LCML and a pattern recognition using
such a language is necessary for making scenario development in
LCA a more applicable and powerful tool for decision making.

Acknowledgements. The authors would like to thank Masatoshi Shima-
da, Volker H. Hoffmann, Alejandro Cano Ruiz, for the fruitful discussions
and comments. We gratefully acknowledge financial supports by the Alii-
ance for Global Sustainability and by Grant-in-Aid for Exploratory Research
(No. 12878095) from the Japan Society for the Promotion of Science.

References

Duncan TM, Reimer JA (1998): Chemical Engineering Design and Analy-
sis, Cambridge University Press, Cambridge

Gamma E, Helm R, Johnson R, Vlissides | (1995): Design Patterns: Ele-
ments of Reusable Object-Oriented Software, Addison-Wesley, Reading

Himmelblau DM, Bischoff KB (1968): Process Analysis and Simulation:
Deterministic Systems, John Wiley & Sons, New York

Hojer M, Mattsson LG (2000): Determinism and backcasting in future stud-
ies. Futures 32 613-634

1SO 14040 (1997) Environmental management — Life cycle assessment —
Principles and framework. ISO 14040:1997(E) International Organisa-
tion of Standardisation, Geneva, Switzerland

ISO 14043 (2000) Environmental management — Life cycle assessment -
Life cycle interpretation. ISO 14043:2000(E) International Organisa-
tion of Standardisation, Geneva, Switzerland

McLaren J, Wright L, Parkinson S, Jackson T (1999): A Dynamic Life-Cycle
Energy Model of Mobile Phone Take-back and Recycling. J Industrial
Ecology 3 (1) 77-91

Miyamoto K, Shimada M, Fukushima Y, Hirao M (2000): Lifecycle Analy-
sis of Time-Dependent Scenario for Competing Products Made of Dif-
ferent Materials. Proc 4th Int Conf on EcoBalance, 161-164, Tsukuba

OMG (1999): Unified Modeling Language Specification version 1.3

Pesonen HL, Ekvall T, Fleischer G, Huppes G, Jahn C, Klos SZ, Rebitzer G,
Sonnemann WG. Tintinelli A, Weidema BP, Wenzel H (2000): Frame-
work for Scenario Development in LCA. Int J LCA § 21-30

Shimada M, Miyamoto K, Fukushima Y, Hirao M (2000): Lifecycle Modeling
for Dynamic LCA, Proc 4th Int Conf on EcoBalance, 165-168, Tsukuba

Received: September 18th, 2001
Accepted: June 3rd, 2002
OnlineFirst: June 30th, 2002

329



